ABSTRACT Fibroblast growth factor-8 (Fgf8) encodes a secreted protein which was initially identified as the factor responsible for androgen-dependant growth of mouse mammary carcinoma cells (Tanaka et al., 1992). Fgf8 has been subsequently implicated in the patterning and growth of the gastrulating embryo, paraxial mesoderm (somites), limbs, craniofacial tissues, central nervous system and other organ systems during the development of several vertebrate model animals. Consistent with these findings, Fgf8 is expressed in a complex and dynamic pattern during vertebrate embryogenesis. Here we report the isolation and characterization of a bat (Carollia perspicillata) Fgf8 orthologue. Compared with those of other model vertebrates, Carollia Fgf8 is conserved with respect to genomic structure, sequence and many domains of developmental expression pattern. Interestingly, the expression domain marking the apical ectodermal ridge of the developing limb shows a striking difference compared to that of mouse, consistent with evolutionary diversification of bat limb morphology.
The fibroblast growth factors (FGFs) are a family of related polypeptides that act to regulate growth, motility and differentiation of a diverse variety of cell-types and tissues. In mammals, 22 members of the FGF gene family (Fgf1-Fgf23) have been described to date (Ornitz and Itoh, 2001 ). The FGF gene family encodes proteins that share an internal core region containing 28 conserved and 6 identical amino acids, but vary in both sequence and size of their N-and C-termini. Most FGFs encode secreted ligands that signal to target cells through a family of high-affinity receptor tyrosine kinases, which act primarily through a conserved MAP Kinase-dependant signal transduction pathway (Eswarakumar et al., 2005) .
Fgf8 is expressed in a complex and dynamic pattern during embryogenesis and regulates growth and patterning of the brain, limbs, heart, kidney, ear, nose and eye (Boulet et al., 2004 , Crossley et al., 1996a , Crossley et al., 1996b , Kawauchi et al., 2005 , Lewandoski et al., 2000 , Meyers et al., 1998 , Perantoni et al., 2005 , Reifers et al., 1998 , Shanmugalingam et al., 2000 , Storm et al., 2006 , Sun et al., 1999 , Trumpp et al., 1999 . Fgf8 activity is further regulated by alternative splicing and Int. J. Dev. Biol. 51: 333-338 (2007) doi: 10.1387/ijdb.062257cc has been shown to be alternatively spliced in human, mouse, chick and Xenopus (Crossley and Martin, 1995 , Fletcher et al., 2006 , Gemel et al., 1996 , Ghosh et al., 1996 , Haworth et al., 2005 , MacArthur et al., 1995 . The alternatively spliced mRNAs give rise to protein isoforms, differing in the length and/or sequence of the N terminus, several of which are known to have distinct activities in vivo (Blunt et al., 1997 , Fletcher et al., 2006 , MacArthur et al., 1995 , Olsen et al., 2006 , Song et al., 2000 .
A consequence to the rise of interest in evolution and development (Evo-Devo) is the realization that the use of a small number of traditional animal models is insufficient to gain a thorough understanding of the evolution of morphological diversity , Carroll, 2004 , Eakin and Behringer, 2004 . Making use of morphologically divergent alternative models is critical for elucidating the molecular mechanisms that underlie morphological differences between species. The over 1000 extant species of bats comprise the mammalian order Chiroptera (Neuweiler, 2000 , Nowak, 1999 , Simmons, 2001 
Many bat species are also unusual in that they navigate in darkness using echolocation. Echolocation in bats likely required modification of facial structures to emit focused ultrasonic sounds, modification of ears to receive sound reflections and modification of neural auditory processing centers to translate aural input into spatial information. Since Fgf8 has been shown to be an important regulator of limb, craniofacial, ear and CNS development as well as a useful molecular marker for all of these tissues, we chose to identify and analyze the Fgf8 gene of our bat model Carollia perspicillata (henceforth Carollia).
As a first step in isolating the bat Fgf8 orthologue, we PCR amplified a Carollia embryo cDNA template using a set of primers designed against regions of near identity among mammalian Fgf8 cDNA sequence alignments. One primer pair, FGF8-F3 and -R1, gave a robust product at the expected size of ~480 bp. Sequence analysis of the cloned product, CpFgf8F3R, revealed 94.6% and 94.2% identity to the corresponding region of human and mouse of mouse and human Fgf8 exons 1d, 2 and 3 which are common to all known mRNA isoforms (Crossley and Martin, 1995 , Ghosh et al., 1996 , MacArthur et al., 1995 . A probe generated from this cloned fragment was used to screen Carollia cDNA library and a Carollia genomic BAC library. Partial Fgf8 cDNAs were isolated from the former, whose 5' ends were within the sequence contained in CpFgf8F3R1 but extended 3' an additional ~300 bp to a poly-A tail. Five Fgf8-containing BAC clones were identified from the latter and one clone was selected for sequencing (106,727 bp insert, Genbank accession # AC147851). Comparisons with available vertebrate genomes revealed that in addition to Fgf8, the BAC insert also contained two syntenic loci, NPM3 and MGEA5. These comparisons were also used to determine the structure of the bat Fgf8 coding region and to predict exon-intron junctions (Fig. 1) .
Like those of other mammals, the bat Fgf8 locus consists of 6 exons, designated exon 1a-d, 2 and 3 (Fig. 1A, B, C) . Alignment of the DNA sequence of the predicted bat exons with those of human and mouse revealed a high degree of sequence conservation, 95% and 94% identity to human and mouse, respectively, for all of the potential coding sequences combined (Fig. 1C) . The 3' untranslated region (UTR) sequence obtained from Carollia Fgf8 partial cDNA clones shows 73% and 68% identity to human and mouse 3' UTRs, respectively and alignment of the Carollia genomic sequence immediately upstream of exon 1a with human and mousenFgf8 5' UTRs reveals 76% and 69% identity, respectively (data not shown).
Predicted exons 1a, 1d, 2 and 3 of Carollia Fgf8 encode amino acids that are 100% identical to the corresponding human and mouse proteins (Fig. 1D ). Carollia exon 1c shows 3 differences in 29 amino acids encoded compared to human exon 1c and 5 differences compared to mouse exon 1c (Fig. 1D) . Carollia and human exon 1b show a marked divergence compared to the corresponding mouse exon. Mouse exon 1b splices to downstream exons from two potential slice donors (indicated by arrowheads below the DNA sequence in Fig. 1B) . If the first conserved splice donor in Carollia Fgf8 is utilized, 11 of 12 amino acids are identical to human or mouse, but if the second splice donor is used the reading frame is blocked by an in-frame stop codon (boxed in Fig. 1B, C) and no functional FGF8 protein would be produced (Fig. 1D) . In human FGF8, the reading frame of the longer alternative form of exon 1b is similarly blocked by in-frame stop codons (Gemel et al., 1996) . This data, combined with a lack of human cDNAs containing the long form of exon 1b, led to the conclusion that the human FGF8 isoforms corresponding to mouse Fgf8c, d, g and h are not made (Gemel et al., 1996 , Ghosh et al., 1996 . In addition to the in-frame stop codon, the Carollia genomic sequence that corresponds to the longer form of mouse exon 1b is markedly less conserved than the rest of the gene, showing only 61% identity to mouse at the amino acid level, compared to ~98% amino acid identity for remaining coding sequence. It therefore seems likely that Carollia, like human, lacks the 4 potential Fgf8 isoforms that include the longer form of exon 1b (dashed lines below the exons in Fig. 1A) .
Fgf8 expression was examined in Carollia stage (CS) 11-15 embryos (Figs. 2, 3) . The CS11 bat embryo is morphologically equivalent to a ~ 9 day (E9.0) mouse embryo. During the course of CS11, the developing bat embryo goes from 13 to 20 pair of trunk somites, the ventricles of the brain expand while the brain bends ventrally at the level of the midbrain to form the cranial flexure and the first two pharyngeal arches form . The CS15 bat embryo is morphologically equivalent to a Ẽ 11.5 mouse embryo. During the course of CS15, the forelimb and hindlimb footplates form sequentially and the distal parts of the right and left first pharyngeal arch fuse at the midline to form the upper and lower jaws .
At CS11, Fgf8 mRNA is detected primarily in a posterior domain of the main body axis and in the anterior neural tube. In the posterior region, Fgf8 is expressed in a graded fashion extending from the tailbud to an area about 2 somite-widths posterior to the nascent somite (nascent somite indicated by arrowhead in Fig. 2C, F) . Expression in this domain is detected at least through late CS13 (Fig 2I, L) . We have shown previously that the process of somitogenesis continues until 40 pairs of somites have formed at CS14 , thus downregulation of expression in this domain is concurrent with the end of somite formation. Fgf8 is not detected in newly-formed somites, but once the somites have differentiated Fgf8 mRNA is detected in narrow stripes of lateral myotome cells located at the anterior and posterior margins of each somite (Fig. 2D, I ).
Fgf8 expression was detected in four distinct domains in the developing anterior neural tube. From anterior to posterior, the first is at the anterior end, the second is in the region of the developing eyes, the third is along the ventral midline of the of the fore-and mid-brain and the last is in the border between the prospective midbrain and hindbrain ( Fig. 2A, B, D, E, H, J) . This latter expression domain is restricted to a narrow band of expressing cells in the region referred to as the midbrain-hindbrain open boxes indicating non-coding sequence, gray-filled boxes indicating variable isoform-specific coding sequence and black-filled boxes indicating coding sequence common to all known isoforms. Exon 1a and 1b are separated by a 92 bp intron; 1b and 1c by a 328 -532 bp intron, depending on which of two possible splice donors is used; 1c and 1d by a 226 -259 bp intron, depending on which of two possible splice acceptors is used. Exon 1d and 2 are separated by a ~3.2kb intron, whereas exon 2 and 3 are separated by a 866 bp intron. (B) The variable N-terminal region of mammalian FGF8 proteins is encoded by alternative splicing among exons 1b, 1c and 1d. The intron-exon junctions of Carollia exon1a-d shown here were predicted by comparisons with published human and mouse genome sequences. The coding sequence is indicated by UPPERCASE, 5' untranslated sequence by italic lowercase and introns are in plain lowercase. Deduced amino acid sequence is shown below the coding sequence; amino acid sequence that is common to all known isoforms is indicated by bold text. Conserved splice donor and splice acceptor sites are indicated, respectively, by arrowheads below and above the DNA sequence. An in-frame stop codon in the putative long form of exon 1b is boxed. In addition to the expression domains in the developing brain, Fgf8 mRNA is also detected in several other regions of the head. Fgf8 is expressed in the pharyngeal arches, which give rise to many craniofacial tissues including jaws, teeth, tongue and outer ears. Fgf8 expression is detected in the lateral regions of the pharyngeal arches, along the grooves that separate each arch (Fig. 2K) . High level expression is found in the oral ectoderm of the first pharyngeal arch (Fig. 2H, K, N, Q; Fig. 3 G, H) . Fgf8 expression was also detected in the ectoderm covering the anterior forebrain in the region of the prospective olfactory placodes by late CS11 (Fig. 2D) . By CS14, expression in this region is localized in the ectoderm of the nasal processes bracketing the nasal pits ( Fig. 2N, Q; Fig. 3 G, H) . At morphologically similar stages of mouse development, Fgf8 expression in this region is continuous around the nasal pits (Bachler and Neubuser, 2001) , whereas in Carollia we see separate medial and lateral domains (Fig. 3 G, H) .
The appearance of the forelimb buds in a developing Carollia embryo marks the onset of CS12 and hindlimb buds appear one stage later . Fgf8 is detected in the presumptive apical ectodermal ridge (AER) of the forelimb buds during early CS12 and in the presumptive AER of the hindlimb buds in early CS13 (Fig. 2G, J, L) . Expression in the AER persists until at least late CS15 (Fig. 2R) . The AER has long been known to be a source of signals required for proximal-distal growth of the limb bud and Fgf8 expression in the AER has been shown to be required, along with Fgf4, for survival and proliferation of the underlying mesoderm during limb bud outgrowth (Lewandoski et al., 2000; Moon and Capecchi, 2000; Boulet et al., 2004) . The Fgf8 expression domain in the bat forelimb AER appears relatively wide in the dorsal-ventral axis compared to that of mouse Fgf8 at comparable stages (Fig. 3A, B) . Transverse sections through forelimb buds of bat embryos at CS12 and 14 and mouse embryos at E9.5 and 10.5 reveal that the AER expression domain in bat is 2.7 times wider in CS12 bat embryos compared to E9.5 mouse embryos and 3 times wider in CS14 bat vs. E10.5 mouse (Fig. 3C, D , E, F and data not shown). The overall size of junction or isthmus. This region has been shown to be an important organizing center for brain pattering and Fgf8 expression is known to be critical for this function (Olsen et al., 2006 , Reifers et al., 1998 , Storm et al., 2006 . Expression of Fgf8 in the midbrain-hindbrain junction was detected until at least CS14 (Fig.  2J and data not shown) . 
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bat and mouse forelimb buds at CS12/E9.5 is similar, while at CS14/E10.5 the bat forelimb bud is somewhat larger in all dimensions. A novel domain of Fgf8 expression in the interdigital mesenchyme between forelimb digits 2 -5 during later stages of Carollia development has been previously described and been proposed to play a role in the persistence of these tissues for the formation of the chiropatagium (handwing) wing membrane (Weatherbee et al., 2006) .
Experimental Procedures

Identification of a Carollia Fgf8 probe
A probe for Carollia Fgf8 was generated by PCR using primers FGF8-F3 (5'ATG TGA GGG AGC AGA GCC TG 3') and FGF8-R1 (5' GGT AGT TGA GGA ACT CGA AGC 3'), designed from regions of near identity in cDNA sequence alignments of human, mouse, rat and cow Fgf8. The 484 bp product was cloned into EcoRV-digested and T-tailed pBluescriptII KS (Stratagene) and confirmed by sequencing (CpFgf8F3R1, Genbank accession # EF035451).
Isolation of a Carollia Fgf8 partial cDNA
The above primer pair was also used to screen a fractionated Carollia embryo cDNA library. This library (CPMGE) was generated in λ-ZAPII (Stratagene) from oligo-dT primed cDNA prepared from poly-A selected RNA purified from 5 whole Carollia (CS14, 14L, 15, 16 and 17) embryos. The primary library was titered at 7.9 X 10 6 pfu/µg λ-arms. Two million recombinants of CPMGE were simultaneously amplified and fractionated into 94 sublibraries (CPMGE A1 -H10), each initiated with ~20,000 independent recombinant clones. Phagemid DNA was prepared from each sublibrary and arrayed into 96-well microtiter plates, leaving 2 wells open for positive and negative control DNA, such that the library can be initially screened by 96-well PCR. Sublibrary CPMGE D8 produced an ~480 bp product when amplified using FGF8F3/R1 primer pair. This sublibrary was plated and screened by plaque hybridization using a radiolabeled probe prepared from CpFgf8F3R1. Two hybridizing phagemid were plaque purified, "popped-out" into plasmid clones using eXassist helper phage (Stratagene) and sequenced (Genbank accession #s EF035452 and EF035453)
Isolation and sequencing of the Carollia Fgf8 genomic locus
The CpFgf8F3R1 radiolabeled probe was also used to screen an arrayed Carollia genomic BAC library (E.D.G., unpublished). 5 independent hybridizing BAC clones were confirmed by PCR with the FGF8DF3/R1 primer pair and subjected to insert end sequencing. BAC-end sequences were aligned to the human genome using BLAST (www.ncbi.nlm.nih.gov) and BAC clone 3O14 was selected for shotgun sequencing by the NIH Intramural Sequencing Center (www.nisc.nih.gov) (106,727 bp insert, Genbank accession # AC147851).
In situ hybridization and histology
Whole-mount in situ hybridization (ISH) was performed as described previously on Carollia embryos with the following modifications: Carollia embryos were treated with proteinase K (Roche) 2 min for CS11, 3 min for CS11L, 4 min for CS12, 6 min for CS13, 15 min for CS14 and 20 min for CS15. An antisense riboprobe against Carollia Fgf8 was generated by digesting CpFgf8F3R1 with EcoRI followed by transcription with T7 RNA polymerase in the presence of digoxigenin-11-UTP (Roche). This probe was used at a final concentration of 0.5 -1 µg/ml. Hybridization and post-hybridization washes were carried out at 65 -70° C. The Carollia embryos used in this study were collected from a wild population on the island of Trinidad, as previously described and staged according to Cretekos et al. (2005) . Whole-mount in situ hybridization (ISH) on mouse embryos was performed as described previously (Wilkinson, 1992) , using an antisense riboprobe transcribed from a mouse Fgf8 cDNA template (provided by R. L. Johnson). Some specimens were embedded and processed for cryostat sectioning after whole-mount ISH (Nagy et al., 2003) .
